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Comets are important for solar system studies because their interiors hold evidence of
the conditions in which they formed in the outer solar system. However, the coma obscures
the nucleus from view when observations are most easily performed, thus it is important
to understand the nature of cometary comae.
This study examines the spatial distribution of CN radicals in the coma of comet Encke
and determines the likelihood that CN is a photodissociative daughter of HCN in the coma.
Observations of CN were obtained from October 22-24, 2003, using the 2.7 m Cassegrain
telescope at McDonald Observatory in Fort Davis, TX. The classical vectorial model was
modiﬁed by introducing a fan-like feature in order to explain Encke’s aspherical coma.
The results are consistent with HCN being the photodissociative parent of CN, based on
the OH/CN ratios and the physical parameters used to match the model proﬁles with the
observations.
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CHAPTER 1
INTRODUCTION
1.1

Motivation
Comets were once regarded as heavenly omens or meteorological phenomena in the

terrestrial atmosphere, but now, evidence suggests that they are an ensemble of primordial ice and dust (Festou et al., 2004). After the discovery of the universal law of gravity,
interest in cometary studies was boosted by the apparition of 1P/Halley1 in 1835. The increasing acceptance of the heliocentric model of the solar system and the advent of Newtonian gravity permitted the orbit of the comet to be explained in detail for the ﬁrst time,
and the ﬁeld of cometary physics emerged. The proposal of the icy-conglomerate model
by Whipple (1950) for the cometary nucleus, the identiﬁcation of Oort cloud comets by
Oort (1950) from studies of semi-major axes distribution of long-period comets, and the
explanation of cometary plasma tails by Biermann (1951) from solar wind interactions introduced the new era of cometary science. Comets play an important role in solar system
studies by preserving in their interiors evidence of the conditions in which they formed in
the outer solar system, which is valuable for constraining models of solar system formation. Current evidence suggests that the miniature portions of existing planetesimals, the
1

First (1) observed periodic (P) comet, for instance, 4P/Faye is the forth (4) observed periodic (P) comet,
and C, D, and X are non-periodic comets, no longer existing periodic comets, and period not determined
comets, respectively.

1

solid building blocks of planets, are comets. The ﬁrst images of the cometary nucleus from
in situ measurements were made by ﬂyby missions to comet 21P/Giacobini-Zinner in 1985
and 1P/Halley in 1986; these further improved our understanding of cometary phenomena
and conﬁrmed the icy-conglomerate model of Whipple (1950). Moreover, the missions
to 19P/Borrelly (Deep Space 1) in 2001, 81P/Wild 2 (Stardust) in 2004, and 9P/Tempel
1 (Deep Impact) in 2005 were also great leaps towards the improvement of knowledge
in cometary science. Presently, cometary scientists are further working to discover the
accumulated clues in cometary nuclei using various in situ and remote sensing techniques.
Understanding the physical and chemical properties of cometary nuclei is the ultimate
goal of comet studies, but most of our knowledge comes from studies of cometary comae.2
The small size of nuclei (the effective radii are 0.2-37 km, Lamy et al., 2004), low albedos3
(typical comet albedo is 2- 6%, Lamy et al., 2004), and the coma make direct views of
cometary nuclei exceptionally difﬁcult. Therefore, understanding cometary comae opens
the pathway of understanding cometary nuclei.
The most abundant species observed in the cometary coma is water (H2 O). Therefore,
quantifying cometary activity and determining abundances are done relative to the production rate of water. Carbon monoxide (CO), carbon dioxide (CO2 ), methanol (CH3 OH),
formaldehyde (H2 CO), methane (CH4 ), acetylene (C2 H2 ), and ethane (C2 H6 ) are other
species known to be abundant in comets (∼1% relative to H2 O or greater, BockeléeMorvan et al., 2004). Moreover, other C, H, O-bearing, sulfur-bearing, and nitrogen2

The temporary atmosphere that forms around the nucleus of a comet when a comet approaches the Sun.

3

A measurement of the reﬂection of light from a surface or from an object, e.g., the albedo of the moon
is 11% (http://nssdc.gsfc.nasa.gov/planetary/factsheet/moonfact.html).

2

bearing molecules and some noble gases are also included with low abundences in cometary
comae. These volatile species were formed in outer solar nebula at ∼25 - 30 K (Bar-Nun
and Kleinfeld, 1989; Notesco and Bar-Nun, 2005; Kawakita et al., 2005; Kawakita and
Kobayashi, 2009) and are released from the water ice when the crystalline structure is altered in such a way as to allow their release (Notesco and Bar-Nun, 1997, 2000). After
release from the nucleus, these parent species produce fragment species known as daughter or granddaughter species, usually by photolysis (Feldman et al., 2004). Possible photolytic paths from parent to daughter species with photodestruction rates are known for
many atomic and molecular species in the cometary nucleus (Huebner et al., 1992). Hydroxyl (OH), cyanogen (CN), carbon monoxide (CO),4 carbon dimer (C2 ), carbon trimer
(C3 ), methylidyne (CH), imidogen (NH), amidogen (NH2 ), and carbon sulﬁde (CS) are
common fragment species of the gaseous coma (Feldman et al., 2004).
Comets were formed in outer solar nebula under extreme conditions with volatile rich
composition. They became dynamically ejected towards interstellar space or the outer
Solar System. The Kuiper Belt and Oort Cloud reservoirs of cometary materials are the
remainders of that outer Solar System material. The Kuiper Belt or other Trans-Neptunian
objects are contained within a disk at the orbit of Pluto out to ∼60 A.U.5 - 100 A.U. (Morbidelli and Brown, 2004). These yield approximately half of the short-period comets with
orbital periods of 200 years or less. When the orbital period of a comet is shorter than
4

CO is both a parent and a daughter because it is released from the nucleus in addition to being produced
by some mechanism that has yet to be deﬁnitively identiﬁed (Festou, 1999; Cottin and Fray, 2008).
5

An Astronomical Unit is approximately the mean distance between the Earth and the Sun (150 million
km).

3

20 years, it is a Jupiter family comet (JFC). These comets are thought to come from the
Kuiper Belt. A comet having an orbital period between 20 and 200 years is considered a
Halley family comet (HFC). These short-period comets have high inclination (Low inclination comets are considered as long-period comets due to larger orbital periods, greater
than 200 years. ) and are thought to come from the Oort Cloud, a spherical cloud of comets
that is thought to surround our planetary system, bearing approximately 1012 comets and
extending out to 75,000 AU.
Comets are both physically and chemically diverse due to the variation of temperatures
that they would have experienced over a wide range of distances in the outer solar nebula
(A’Hearn et al., 1995). The internal gravity of the planets is large enough for them to
form spherical structures by collapsing their material, thus altering the physical and chemical composition of their interiors. However, the gravity of comets is sufﬁciently weak
enough to leave the physical and chemical composition relatively unaltered due to their
low masses. Therefore, cometary nuclei play a signiﬁcant role in Solar System studies
by preserving records of the conditions present at the time and place of their formation in
their interiors. That is why understanding the properties of cometary nuclei is important
today.

1.2

CN
The CN radical was one of the ﬁrst species detected in cometary comae, and it is

one of the most abundant diatomic species after OH. CN gas jets were ﬁrst observed in
1P/Halley, thus demonstrating the possibility of the existence of pure gas jets in comet
4

comae (A’Hearn et al., 1986). The violet system (B 2
(A2 Π − X 2

+

+

−X 2

+

) and the red system

) are two electronic band systems of CN that can be observed in the opti-

cal (visible) cometary spectra (Feldman et al., 2004). CN can in turn be photodissociated
into C and N. However, the origin of the CN radical in comets is still not fully understood, and there are multiple potential parent species. HCN is the most widely suggested
parent (Schloerb et al., 1987; Ziurys et al., 1999), and Woodney et al. (2002) further
conclude from the C/1995 01 (Hale-Bopp) apparition that HCN is the primary parent,
even though there is a discrepancy between the HCN destruction scalelength6 and the CN
production scalelength. HCN can photodissociate into H and CN (Huebner et al., 1992)
û (6.36 eV) (Benson, 1976). Inconsistency of
and the threshold wavelength is λ = 1950A
the CN-parent scalelength with HCN photodissociation suggest that there may be multiple candidates for the CN parent (Bockel´ee-Morvan et al., 1984; Bockel´ee-Morvan and
Crovisier, 1985). Other studies suggest that HCN could be the sole parent of CN for heliocentric distances larger than 3A.U., and that an additional parent is required to explain CN
abundances for heliocentric distances less than 3A.U. (Fray et al., 2005). However, Combi
and Delsemme (1980b) and Cochran (1982) showed complete agreement of the CN-parent
and HCN scalelengths according to standard photodissociation models. HCN was ﬁrst detected in comet Kohoutek (Huebner et al., 1974), and the presence of HCN in comets was
further conﬁrmed from observations of the 1P/Halley apparition in 1986 (Schloerb et al.,
1986; Despois et al., 1986; Winnberg et al., 1987; Bockelée-Morvan et al., 1987). Exclud6

The product of the velocity and the lifetime of the molecule, which serves as a measure of the spatial
extent in the coma over which the molecule is likely to be found.

5

ing HCN, CHON7 particles, CH3 CN, HC3 N, HNC, and C2 N2 are also possible parents for
CN. Bockelée-Morvan and Crovisier (1985) and Festou et al., (1998) have suggested the
possibility of C2 N2 , as well as HC3 N (Bockelée-Morvan and Crovisier, 1985). Krasnopolsky (1991) further supported the HC3 N contribution for CN and proposed another parent:
C4 N2 . The consistency of parent scalelength and production rate of CN with the observations and the ability to produce the highly collimated jets8 observed in some comets are
key selection factors for the CN parent (Woodney et al., 2002).

1.3

Comet 2P/Encke
Comet Encke has the shortest known cometary orbital period, just 3.3 years (Jewitt

and Meech, 1987; Lowry and Weissman, 2007). It was ﬁrst observed in 1786 and has
become one of the most intensely-studied comets due to its frequent apparitions (Lowry
and Weissman, 2007).
Encke is a small, dark, dust-poor and asymmetrically outgassing comet. The measured
effective radius and axial ratios9 from the observations are 2.8 - 6.4 km and ≥ 2 (Jewitt
and Meech, 1987), 2.4 ± 0.3 km and ≥ 2.6 (Fernandez et al., 2000), 2.4 - 3.7 km and 2.04
7

Predominantly or exclusively composed particles from light elements hydrogen (H), carbon (C), nitrogen (N) and oxygen (O). For instance, [H,C,N,O],[H,C,N],[H,C,O],[H,C] and [C,O]. For CHON particles,
C to rock-forming element (Mg, Si, etc) ratio is greater than 10 (Fomenkova et al., 1992).
8

Brightness enhancements and not necessarily real physical entities, unless otherwise stated or demonstrated.
9

Ratio between semi-major and semi-minor axes.

6

(Harmon and Nolan, 2005), and 3.95 ± 0.06 km and 1.44 ± 0.06 (Lowry and Weissman,
2007). The geometric albedo10 is 0.047 ± 0.023 according to Fernandez et al. (2000).
Newburn and Spinrad (1985) categorized Encke as a dust-poor comet after analyzing
17 comets in the optical spectrum, and Gehrz et al. (1989) classiﬁed Encke as an IR
(Infrared) Type 1, i.e, gas-rich and dust-poor. However, Reach et al. (2000) and Lisse et
al. (2004) ﬁnd that the dust/gas ratio is in the range of 10-30, which is signiﬁcantly high.
On the other hand, A(θ)f ρ

11

, a measurement of production of dust in comets, is very

small for Encke [A(θ)f ρ/OH = 4.27 × 10−27 (A’Hearn et al., 1984, 1995)].
According to Sekanina (1987a), asymmetric outgassing is observed in comets due to
collimated ejecta from discrete active areas on the sunlit side of rotating cometary nuclei. These asymmetric outgassing structures can be spiral jets, semicircular halos, straight
plumes, sharp spikes, snailshell-like features, and fans with or without jets. Examining the
apparitions of Encke from 1924 to 1984, Sekanina (1988) determined the orientation of
Encke’s prominent sunward-facing fan, which is seen on every apparition, by identifying
two discrete emission sources in the northern and southern hemispheres with areas and
latitudes 0.4 and 0.6 km2 and +55◦ and −75◦ . This result was conﬁrmed by Festou and
Barale (2000). However, Woodney et al. (2007) have further suggested the possibility of
a fan with an angle of 90◦ .
10

Ratio of the intensity of radiation reﬂected back to source to the intensity of radiation reﬂected back to
the same source by a lossless lambertian disk of the same size.
11

This parameter is independent of the size of the aperture. A(θ)-Bond albedo (the ratio of the radiant ﬂux
scattered in all directions to the radiant ﬂux intercepted by its geometrical cross section, and bond albedo,
AB = pq where p and q are geometric albedo and phase integral, respectively) for scattering angle θ, f-ﬁlling
factor of the grains in the ﬁeld of view, and ρ-radius of the assumed circular ﬁeld of view.

7

The goal of this study is to understand the spatial distribution of CN radicals in the
coma of comet Encke and determine the likelihood that CN is a photodissociative daughter
of HCN. This will be achieved by modeling Encke’s sunward-facing fan, the source of the
outgassed material. Chapter 2 explains the model and its usage, and Chapter 3 describes
the observations. Chapter 4 compares and discusses the consistency of the model and
observations. Finally, Chapter 5 presents the conclusions and ideas for future work.
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CHAPTER 2
THE VECTORIAL CODE
2.1

The Vectorial Model
The cometary coma, the atmosphere around the nucleus, is the outﬂow of gases and

dust created due to solar insolation. When a comet approaches the sun, the surface temperature of the nucleus rises, the rate of outgassing increases, and the coma expands to larger
sizes. Even though our interest is to discover the nature of the cometary nucleus, most
of the information we can obtain actually comes from cometary coma. Therefore, it is
important to understand the composition of the coma in order to understand the chemical
composition of nucleus and place constraints on the origins of the comet. Photodissociation, photoionization, and electron re-combination are common mechanisms taking place
in the comae of comets, with one or more mechanisms possible for release of molecules
from dust grains as well. Furthermore, studies also suggest that coma chemistry can be
altered by chemical reactions for high production rate comets, such as comet Hale-Bopp
(Combi, 2002).
The ﬁrst major attempt to calculate the distribution of photodissociation products in
the coma was achieved with the Haser model (Haser, 1957). This model makes several
assumptions to reduce computational complexity, including spherical symmetry of the
nucleus and coma, spherically symmetric point source nucleus, collisionless atmosphere,
9

uniform radial outﬂow velocities of parent and daughter species, constant production of
gas, and no temporal behavior, such as outbursts. Although the model’s assumptions do
not reﬂect reality, its computational and interpretive simplicity make it a popular model
that is still used today. It also does a reasonable job of reproducing the distribution of
several common daughter species when comet conditions are a decent match with Haser
model assumptions (Combi et al., 2004).
The model begins with calculating the number density of parent species, np , with respect to the radial distance r from the nucleus

np (r) =

Q  − γrp 
e
,
4πr2 u

(2.1)

and the number density of daughter species, nd , with respect to the radial distance r
from a point source nucleus

nd (r) =



Q
γd
− γr
− r
p − e γd
e
,
4πr2 u γp − γd

where
Q - Production rate in molecules s−1
u - Radial outﬂow velocity in km s−1
γp - Parent scalelength1 in km
γd - Daughter scalelength in km
1

The product of the velocity and the lifetime of the molecule.
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(2.2)

The intensity proﬁles from telescopic observations are proportional to the column density2 proﬁles of the emitting species, thus the number densities are converted to column
densities along a line-of-sight through the coma by the following:

γd
Q
Nd (ρ) =
2πr2 u γp − γd



ρ/γp

0

K0 (y) dy −

 ρ/γd
0



K0 (y) dy)

(2.3)

where
ρ - Projected distance from the nucleus along the line-of-sight
K0 (y) - Modiﬁed Bessel functions of the ﬁrst kind
Superthermal ejection velocities (1-2 km s−1 ) for several species, including O, H, and
OH, arise due to the excess energy produced from the photodissociation of the parent
molecule (Combi et al., 2004). Therefore, velocities of radicals that are signiﬁcantly
larger than the velocities of parent molecules goes against the Haser model assumptions.
Therefore, we must consider the effects of the motion of daughter species on their spatial
distribution in the coma.

2.2

The Vectorial Code
Festou (1981a) approached this problem by generalizing the Haser formula with the

introduction of the collision sphere,3 which is the region in the inner coma where the radial
distance to the center of the nucleus exceeds the collisional mean free path. Depending
2

Number of atoms or molecules per unit area projected along a line-of-sight.

3

Beyond this region, the 1/r2 density distribution can be assumed for a particle, and the collisional mean
path of particles exceeds the particle’s distance from the nucleus.
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on the position where molecules are produced, whether on the inside or the outside of the
collisional sphere, Festou derived formulas for different spatial regimes.
The vectorial code was developed by Festou (1981a) in order to improve the convenience of computation of the column density distributions of the dissociated daughter
species from parents. Photodissociation of the neutral molecules (e.g., HCN → CN) and
ejection of parent molecules should be single-step and isotropic, respectively. Moreover,
the code has the ability to handle a time-dependent function (e.g., outbursts) which varies
as a step function. The model is designed for cases where the parent and daughter scalelengths are much larger than the size of the collision zone.
The vectorial model was formulated to ﬁnd the radial distribution of daughter products when molecules are produced outside the collision sphere with excess energy, and
the excess energy is transferred to the daughter species. Therefore, this generalization of
the Haser model accounts for the non-radial motion of daughter species, since the ejection
angle of daughter molecules can have any orientation with respect to the nucleus. Furthermore, the excess energy of daughter species gained from photodissiciation processes also
increases the possibility of non-radial motion. However, none of the classical coma models (Haser or vectorial) consider radiation pressure, collisions with other coma particles,
or interaction of particles with the solar wind.
Figure 2.1 shows the vector diagram for the dissociation process of the vectorial model,
and rn , rc , r, and s are the radius of the nucleus and the collision sphere, and the distance to
the parent and daughter species from the nucleus, respectively. α, γ, , and are the angles
shown in the ﬁgure. When parent species are moving outwards with a uniform velocity
12
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Figure 2.1
The vector diagram for the dissociation process of the vectorial model.
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u relative to the cometocentric frame, the velocity of the daughter species relative to the
parent is vR . Therefore, the velocity of the daughter species relative to cometocentric
frame v is given by

v = u + vR .

(2.4)

Parent species dissociate at point M and radical species are produced isotropically
relative to the parent’s frame. Therefore, the density of parent species at point M is given
by

nM (r) =

Q  − uτr 
e M
4πr2 u

(2.5)

where
Q - Production rate of the parent species
τM - Lifetime of the parent species
and the production rate of radicals at point M is given by

qR (r) =

nM (r)
D
4πτM

(2.6)

where
D
- Dissociative lifetime of the parent species
τM

Finally, the total number density for the radical species at point P can be calculated
from the following integral
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nR (s) =

  
r

α

nM (r)
v
f (vR )
2πr sin α
D
4πτM
vR
v
2

2 −βR p
e

vp2

dα dr dv

(2.7)

Moreover, this can be simply written as following

nR (s) =

  

h(r, α, v) dα dr dv

(2.8)

where
βR - Total life time of radical
α - Angle between u and −s
Furthermore, the average radical velocity v̄(s), age T̄ (s), and scalelength γ̄(s) also can
be deﬁned as following

v̄(s) = nR (s)−1

  

T̄ (s) = nR (s)−1

γ̄(s) = nR (s)−1

v cos h(r, α, v) dα dr dv

  

(2.9)

p
h(r, α, v) dα dr dv
v

(2.10)

v τR h(r, α, v) dα dr dv

(2.11)

  

where
p - Distance from M to P
τR - Lifetime of radical species
Input parameters for the vectorial code are listed in Appendix A, which contains an
example from October 22, 2003 for CN. As discussed above, outputs of the code are
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the column and number densities respect to cometocentric distance. In order to obtain
contour maps for each night, column densities with respect to the radial distances were
used as inputs to generate contour maps, using established routines in the Interactive Data
Language (IDL).4

2.3 Departure from the Standard Vectorial Code
Due to computational simplicity, spherical symmetry of the coma is assumed in the
vectorial code, but an aspherical coma is necessary to explain comet Encke’s prominent
sunward-facing fan. Therefore, the vectorial model has been modiﬁed by us to explain
the aspherical coma, a substantial departure from the classical vectorial model. In order
to analyze the spatial distribution of a fan-like aspherical coma with half-cone angle Θ,
the generalized impact parameter, b, is deﬁned with respect to the line of sight through
the coma (Figure 2.2 shows the line-of-sight as it cuts through the fan and the geometry
of the fan is shown superimposed on a classical spherical coma assumed by the standard
vectorial model). Furthermore, Ψ and Φ are the phase angle5 and the angle between b and
the symmetry axis of the fan, respectively. This implementation allows us to select a fanlike portion of the spherical coma or the entire coma by using angular parameters Θ and
Φ to calculate the column density along a line-of-sight through the fan. Number densities
generated by the vectorial code are linked to an IDL routine that has been designed to
calculate the column densities in the fan. A ﬂow chart of the routine is listed in Appendix
4

IDL is a licensed product of ITT Visual Information Services.

5

The angle subtended at the center of the comet by the directions to the Sun and observer.
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B. This modiﬁed version has the ability to ﬁnd column densities for multiple fans and
anisotropic number density distributions. Moreover, the importance of this modiﬁcation
to the code is enormous due to unavailability of a classical spherical model to explain the
aspherical comae of some comets.
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Sun



Spherical Coma

Earth
Figure 2.2
Schematic diagram for geometrical representation of the Sun, comet, and earth.
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CHAPTER 3
OBSERVATIONS AND DATA REDUCTION
3.1

Observational
Observations of the 2003 apparition of comet Encke were conducted by Anita L.

Cochran (entire observational and data reduction processes) from October 22 to 24, using
the 2.7 m Cassegrain telescope (f/17.7) at McDonald Observatory in Fort Davis, Texas.
The Large Cass Spectrograph (LCS), a low-to-moderate long-slit spectrograph, was chosen for its ability to observe faint objects. The spectral range for the observations was
λ
û at a resolving power ( δλ
) of 500. The spatial resolution and slit dimen3000 - 5600 A

sions were 1.280 per pixel ( 400 km pixel−1 at the distance of the comet) and 2 × 150
(640 × 48,000 km at the distance of the comet), respectively. For each night, the center
of the slit was placed over the nucleus in multiple position angle1 orientations in order to
map the spatial distribution of all observed species. Two position angles were sampled
each time, 1800 opposite of each other. Table 3.1 shows the times of comet observations
for the different position angles (two 1,800 s observations were taken during the speciﬁed
time frame for each position angle).
1

An angle for a direction relative to north that is measured positively toward the east, e.g., east is at 900 .
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Table 3.1
Times of Comet Observations
Observation Date
Position Anglea (Deg.)
October 22, 2003
90 and 270
c
d
R = 1.40 A.U., ∆ = 0.45 A.U.
0 and 180
150 and 330
120 and 300
60 and 240
30 and 210
October 23, 2003
90 and 270
R = 1.38 A.U., ∆ = 0.44 A.U.
165 and 345
0 and 180
15 and 195
150 and 330
135 and 315
120 and 300
October 24, 2003
90 and 270
R = 1.37 A.U., ∆ = 0.43 A.U.
0 and 180
70 and 250
45 and 225
160 and 340
135 and 315
150 and 330
a

Time (UT)b
3:22 – 4:46
4:54 – 6:10
6:23 –
6:53
7:51 – 8:56
9:13 – 10:16
10:28 – 11:33
3:01 – 4:07
4:51 – 5:21
5:34 – 6:38
6:44 –
7:52
8:00 –
9:07
9:15 – 10:18
10:25 – 11:27
2:57 – 4:03
4:17 –
5:20
5:33 –
6:41
6:55 –
8:02
8:13 – 9:23
9:31 – 10:39
10:45 – 11:51

An angle for a direction relative to north that is measured positively toward the east, e.g.,
east is at 90◦ .
b

Universal Time.

c

Heliocentric distance in A.U.

d

Geocentric distance in A.U.
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3.2

Data Reduction
The species with transitions falling in the bandpass were CN, C2 , C3 , NH, and OH. The

raw spectra were prepared for analysis by Anita Cochran by performing bias correction,
ﬂat ﬁelding, wavelength and ﬂux calibration (Stars used for calibration used are listed in
û night sky O (1 S) line)
Table 3.2) (Cochran et al., 2009). Then, the sky spectrum (5577 A
and solar spectrum (reﬂection of sunlight due to cometary dust) were subtracted from the
observed comet spectrum, respectively (Cochran et al., 2009). Next, integrated ﬂuxes were
converted into column densities using standard efﬁciency factors for ﬂuorescence for CN,
C2 , and C3 (Cochran et al., 1992, 2009). Swings Effect2 calculations were used to derive
ﬂuorescence efﬁciencies for OH and NH (Scleicher and A’Hearn, 1988; Kim et al., 1989).
Plots of column densities with respect to the radial distance from the nucleus for October 22, 23, and 24, 2003 are shown in Figure 3.1, Figure 3.2, and Figure 3.3, respectively.
Each ﬁgure contains proﬁles for all of the different position angles sampled. Contour maps
of the spatial distribution of CN for each night constructed from these column density proﬁles are shown in Figure 3.4, Figure 3.5, and Figure 3.6. To account for the viewing
geometry of the comet phase angle,3 (27◦ ), the proﬁles are rotated to appear as if we are
viewing the fan from the side.

2

A Doppler phenomenon in which the appearance of atomic lines and molecular bands in a comet is
affected by the radial velocity of the absorbing species with respect to absorption lines in the solar spectrum.
3

The angle subtended at the center of the comet by the directions to the Sun and observer.
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22

Decb
Day Observed
RAa
19 hrs 44 min 26.14 s 26 deg 13 min 16.66s
10/22/2009
20 hrs 08 min 24.14 s 41 deg 15 min 03.91 s
10/22/2009
19 hrs 41 min 51.97 s 50 deg 31 min 03.08 s
10/22/2009
21 hrs 51 min 11.02 s 28 deg 51 min 50.36 s
10/23/2009

Declination ( Dec ) - Position on the celestial sphere that is the number of degrees an
object is north or south of the celestial equator.
∗
The data are by courtesy of the SIMBAD Astronomical Database ( http://simbad.ustrasbg.fr/simbad/ ).

b

Right ascension ( RA ) - Position on the celestial sphere measured with respect to the
vernal equinox position on the celestial equator.

a

Name
BD+25 3941
BD+40 4032
16 Cygni B
BD+28 4211

Stars Used for Spectral Calibration

Table 3.2

Spectral Class
B 1.5 V
B 2 III
G3V
White Dwarf

23
Column densities of CN with respect to radial distance for 22 October, 2003.

Figure 3.1

24
Column densities of CN with respect to radial distance for 23 October, 2003.

Figure 3.2

25
Column densities of CN with respect to radial distance for 24 October, 2003.

Figure 3.3

Figure 3.4
The contour map for CN for 22 October, 2003.
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Figure 3.5
The contour map for CN for 23 October, 2003

27

Figure 3.6
The contour map for CN for 24 October, 2003
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CHAPTER 4
RESULTS AND DISCUSSION
4.1

Testing the Modiﬁed Vectorial Model
The vectorial model is widely used due to its computational and interpretive simplicity,

but the model assumptions do not reﬂect reality, as discussed in Chapter 2. Therefore,
before we examine the spatial distribution of CN, the model was ﬁrst used to examine OH
proﬁles, which is the most abundant molecular species found in cometary coma. Due to its
overwhelming abundance and the observed ejection velocities of H, H2 O is the main parent
of OH, and its spatial behavior is well understood. H2 O −→ OH average rate coefﬁcients
for photodissociation are 1.7 × 10−5 s−1 and 2.7 × 10−5 s−1 (Huebner et al., 1992).1 By
incorporating these average rate coefﬁcients, the generated OH model trials consider H2 O
as the parent of OH.
Observations for each night (22, 23, and 24 October, 2003) consist of multiple position
angles in which the slit was held, allowing two position angles to be sampled simultaneously. The position angle 330◦ was determined to be the closest sampled position to the
center of the fan-like coma, based on our contour maps and photometric images obtained
by Dave Schleicher at Lowell Observatory. All ﬁgures shown in this chapter contain col1

This is the experimental rate coefﬁcient and 8.5 × 10−6 s−1 is the theoretical rate coefﬁcient (Huebner
et al., 1992).
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umn density variations with respect to radial distance from the nucleus and Series 1 and 2,
Vectorial and IM are two sets of observations available for each position angle, vectorial
model trials and implemented model trials, respectively. The inadequacy of the classical
vectorial model to reproduce the proﬁles in the fan is clearly shown (Figure 4.1, Figure 4.2
(due to a guiding difﬁculty, series 2 is deviating from series 1), and Figure 4.3). Figure 4.4
is included as an adjacent angle to the heart of the fan due to highly scattered data observed in Figure 4.3. Moreover, the same vectorial model comparisons for CN for same
set of observations are shown in Appendix C. This signiﬁcant mismatch of observations
and classical vectorial model trials is common for the entire set of observations. Due to
the classical assumption of a spherical coma, classical model proﬁles depict insufﬁcient
density dilution. Therefore, the classical vectorial model is inadequate to reproduce the
observations.
Due to the inadequacy of the classical vectorial model to reproduce this fan, implementation of a conical fan to the line-of-sight was done according to the description in Chapter
2. The inclination angle of the generalized impact parameter Φ was found to be ∼ 63◦ ,
based on the phase angle, Ψ ∼ 27◦ (Φ = 90◦ - Ψ) in order to incorporate the viewing
geometry from the earth. Observations for position angle 330◦ , the heart of the fan, was
used to ﬁnd the optimum half-fan angle Θ. Based on the two proposed active regions in
the northern and southern hemispheres with latitudes of +55◦ and −75◦ (Sekanina, 1988),
∼ 130◦ was considered as a one possible fan angle and ∼ 90◦ (Woodney et al., 2007) was
considered as the other.
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Figure 4.5 shows the implemented model (IM) trials for two possible fan angles with
respect to the heart of the fan, 330◦ , for 22 October (Figure 4.6 and Figure 4.7 show for
23 and 24 October, respectively). The model provides a higher quality ﬁt to the data when
a fan angle of 90◦ is used. Therefore, additional modeling of CN proﬁles uses a fan angle
of 90◦ .

4.2 Accuracy Determination for the Implemented Model (IM) with OH
The ability of the IM to reproduce the OH proﬁles in other sampled portions of the
fan was also examined before applying it to the CN proﬁles. Figure 4.8 and Figure 4.9
show the IM trials for 0◦ and 330◦ position angles as compared to the observations of 22
October. Moreover, Figure 4.10, Figure 4.11, Figure D.10, and Figure 4.13 (position angles 0◦ , 330◦ , 270◦ and 340◦ ) of October 23 and 24 conﬁrm the ability of our modiﬁed
vectorial model to reproduce the observed OH proﬁles at fan positions outside of the center. Comparisons with the IM trials for the remaining set of observations for OH are listed
in Appendix D. OH data for some position angles appear to be scattered due to observations taken at high air masses (Figure D.1 and D.6), guiding difﬁculties (Figure D.12),
inﬂuences from UV edge effects, and gathering limitations from edge of the band pass.
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Figure 4.1
Vectorial model trials for OH (PA-330◦ , 22 October 2003)
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Figure 4.2
Vectorial model trials for OH (PA-330◦ , 23 October 2003)

33

Figure 4.3
Vectorial model trials for OH (PA-330◦ , 24 October 2003)

34

Figure 4.4
Vectorial model runs for OH (PA-340◦ , 24 October 2003)
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Figure 4.5
Selection of the best fan angle (CN, PA-330◦ , 22 October 2003)
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Figure 4.6
Selection of the best fan angle (CN, PA-330◦ , 23 October 2003)
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Figure 4.7
Selection of the best fan angle (CN, PA-330◦ , 24 October 2003)
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Figure 4.8
IM comparison for accuracy evaluation (OH, PA-0◦ , 22 October 2003)
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Figure 4.9
IM comparison for accuracy evaluation (OH, PA-330◦ , 22 October 2003)
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Figure 4.10
IM comparison for accuracy evaluation (OH, PA-0◦ , 23 October 2003)
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Figure 4.11
IM comparison for accuracy evaluation (OH, PA-330◦ , 23 October 2003)
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Figure 4.12
IM comparison for accuracy evaluation (OH, PA-270◦ , 24 October 2003)
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Figure 4.13
IM comparison for accuracy evaluation (OH, PA-340◦ , 24 October 2003)
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4.3

Examining the CN Proﬁles
The modiﬁed vectorial code was next applied to the observed CN proﬁles. Analysis

was done for each sunward position angle within the fan. Comparison of similar position
angles for the three consecutive nights is reasonable within the assumptions of the model.
Rate coefﬁcients2 used for HCN →CN are 1.33 × 10−5 s−1 and 5.0 × 10−6 s−1 (Schleicher), respectively, in order to generate CN model trials considering HCN as the parent of
CN. Starting from position angle 270◦ (slit position beyond the western edge of the fan)
to position angle 45◦ (slit position beyond the eastern edge of the fan), the ability of the
model to reproduce the CN proﬁles with an HCN parent was analyzed.
Figure 4.14, Figure 4.15, and Figure 4.16 show the IM comparisons for three consecutive nights for position angle 270◦ , which is closer to the western edge of the fan.
Furthermore, dashed lines are IM matches by varying velocity of parent and daughter
species to velocities other than 1 km s−1 (typical outﬂow velocities for comets). Position
angles of 300◦ and 315◦ were available only for October 22 and 23 and for October 23
and 24, respectively (Figure 4.17, Figure 4.18, Figure 4.19, and Figure 4.20). Figure 4.21,
Figure 4.22, and Figure 4.23 show the IM trials for the heart of the fan for all three nights.
Position angles within the center and the upper eastern edge of the fan are particularly
good, due to large spatial spread of the coma, e.g., (Figure 4.24 and Figure 4.25) for October 23 and 24 for position angles 345◦ and 340◦ . Position angle 0◦ further explains the
behavior for all three nights. Finally position angles 30◦ , 15◦ and 45◦ for October 22, 23,
2

Life time of the specie = 1/Rate coefﬁcient

45

and 24, respectively, show the IM trial comparisons thus demonstrating the conic nature
of the fan.
Overall, the model reasonably reproduces the observed CN proﬁles. However, some
deviations were found for IM trials relative to CN proﬁles due to model limitations and
observational circumstances. The inability to model non-radial inﬂuences, such as acceleration of the gas or other corkscrew behavior, is the major limitation of the vectorial model
(e.g., Figure 4.17, column density dilutes from 8 × 103 to 1.3 × 104 km ). Figure 3.4
further conﬁrms this with the discontinuity patch seen in the same distance range along
the 300◦ position angle. Moreover, due to this non-radial behavior, the coma seems to be
curled and only a portion of the fan was sampled by the held slit position. This is more
signiﬁcant when approaching the fan edge and beyond (e.g., Figure 4.15, Figure 4.31,
and Figure 4.16). Column density discrepancies with the model observed at inner radial
distances (e.g., Figure 4.19 from 0 to 2 × 103 km) are common for the position angles
closer to the center of the fan, and this is possibly due to optical depth which can prematurely lower column density determinations close to the nucleus. Excluding that, the
model reasonably reproduces observations favorably beyond the collisional zone (∼ 5000
km). Furthermore, deviations of the model result with column densities (e.g., Figure 4.24)
for larger radial distances (3 × 104 km) is possibly due to solar wind interaction with the
coma, which introduces signiﬁcant non-radial behavior.
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Figure 4.14
IM comparisons for PA-270◦ for CN (22 October, 2003)
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Figure 4.15
IM comparisons for PA-270◦ for CN (23 October, 2003)
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Figure 4.16
IM comparisons for PA-270◦ for CN (24 October, 2003)
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Figure 4.17
IM comparisons for PA-300◦ for CN (22 October, 2003)
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Figure 4.18
IM comparisons for PA-300◦ for CN (23 October, 2003)
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Figure 4.19
IM comparisons for PA-315◦ for CN (23 October, 2003)
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Figure 4.20
IM comparisons for PA-315◦ for CN (24 October, 2003)
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Figure 4.21
IM comparisons for PA-330◦ for CN (22 October, 2003)
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Figure 4.22
IM comparisons for PA-330◦ for CN (23 October, 2003)
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Figure 4.23
IM comparisons for PA-330◦ for CN (24 October, 2003)
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Figure 4.24
IM comparisons for PA-345◦ for CN (23 October, 2003)
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Figure 4.25
IM comparisons for PA-340◦ for CN (24 October, 2003)
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Figure 4.26
IM comparisons for PA-0◦ for CN (22 October, 2003)
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Figure 4.27
IM comparisons for PA-0◦ for CN (23 October, 2003)
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Figure 4.28
IM comparisons for PA-0◦ for CN (24 October, 2003)
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Figure 4.29
IM comparisons for PA-30◦ for CN (22 October, 2003)
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Figure 4.30
IM comparisons for PA-15◦ for CN (23 October, 2003)
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Figure 4.31
IM comparisons for PA-45◦ for CN (24 October, 2003)
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4.4

Examining the OH/CN Ratio
In order to determine further the likelihood that HCN can be the parent of CN, we

examine the ratios of OH and CN production rates from the best ﬁts to the observations.
Assuming the OH/CN ratio serves as a proxy for H2 O/HCN ratios. Table 4.1 lists OH/CN
ratios obtained for several position angles sampled in all three nights of data. The OH/CN
ratios obtained here are consistent3 with the studies based on 85 comets (A’Hearn et al.,
1995) and more than 10 comets (Bockelée-Morvan et al., 2004). The variation in ratios for
OH/CN may be due to multiple active areas on the nucleus and/or nuclear heterogeneity.
Table 4.1
OH/CN Abundances
PAa
270◦
330◦
0◦
a

3

OH/CN
22 October 23 October 24 October
125.0
200.0
158.0
132.0
154.0
141.0
132.5
229.0
282.0

Average OH/CN

Position angle.

For Encke, OH/CN = 309 for R = 0.86 A.U. and ∆ = 0.34 A.U.
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161.0
142.3
214.5

CHAPTER 5
CONCLUSIONS
5.1

Parent of CN
A clear understanding of the spatial distribution of all cometary species is important

to reveal the clues to the solar system’s formation that may be hidden in the cometary
nucleus. In order to achieve this task, it is necessary to combine models and telescopic
data. Finding the proper parent for CN can bring us one step closer to understanding the
relationship between parent and daughter species in the coma. As mentioned in Chapter
1, there are multiple candidates thought to be the parent of CN, but the most common
candidate is HCN.
The classic vectorial model was inadequate to explain the CN observations due to the
assumption of a spherical coma, whereas this study required a fan-like feature with a half
angle ∼ 450 , consistent with the results of Woodney et al. (2007). However, our results
cannot conﬁrm the two active areas suggested by the results of Sekanina (1988). The ability of our modiﬁed method of line-of-sight integration through a cone was conﬁrmed for
specie OH. Therefore, the CN spatial distribution for the sunward fan can also be modeled
in this scheme. Moreover, OH/CN abundances are also consistent with reasonable values
(A’Hearn et al., 1995; Bockel´ee-Morvan et al., 2004). As a result, we ﬁnd our results
consistent with HCN being the parent of CN in comet Encke.
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5.2

Future Work
The implemented model successfully explained the observations of CN for the sun-

ward fan, and we expect that this approach can be extended to analyze other comets for
which there are also strong asymmetric features, such as 4P/Faye. This can be further
used to analyze the large CO jets visualized in Hale-Bopp (Bockelée-Morvan et al., 2009).
So far, this model is only useful for modeling Encke’s sunward-facing fan. We plan to
continue the work we have started to reproduce Encke’s anti-sunward side, which shows
a sharp density-dilution proﬁle. Once CN mapping is complete, we can continue mapping
C2 , C3 and NH using our modiﬁed vectorial code, and comparing the results with the data
that were also obtained with the LCS.
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1. Comet under study : Encke Oct 22 03
2. Heliocentric and Geocentric distances, (A.U.) : 1.400 0.450
3. Number of steps in gas production function : Default is 1
(If temporal behavior, for example, outbursts or fragmentation was identiﬁed, steps
can be changed from 1-30)
4. Gas production rate, Q (molecules s−1 ), and number of days comet ejected gas that
rate, (days) : QP = 2.03E+25 TOU = 999.00
5. Parent velocity, (km s−1 ) : 1.000E+00
6. The total lifetime of the parent molecules at 1 A.U., (s) : 7.500E+04
7. The photo dissociative lifetime of the parent molecules at 1 A.U., (s) : 7.500E+04
8. The destruction level of the parent molecules, DP : 99.00
(Can be a value, 0 < DP < 100)
9. Radical whose density distribution is to be computed : CN
(Can be a neutral molecule or an atom)
10. Excitation Rate at 1 A.U. of observed spectral transition, ( s−1 ) : 1.000E+00
11. Radical velocity, ( km s−1 ) : 1.000E+00
12. Total lifetime of the radicals at 1 A.U., ( s ) : 2.00E+05
13. The destruction level of the radicals, DR : 99.00
(Can be a value, 0 < DR < 100)
14. Slit width and length, (arc sec) : 2.00 150.00
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COMET_DENSE2COL
Computes the Column Density

COMET_SYSVAR_DEFINE
Define the Variables

QPINT1D
1D Integration of a Function or an Expression

QPINT1D_PROFILE
Checks the Testing Speed

QPINT1D_SETMACHAR
Checks the Version, Keyword Column Density

QPINT1D_QAGSE
Develops All the Condition for Integration
QPINT1D_QKEVAL
Does the Integration

COMET_CORD_CAL
Calls the Function

QPINT1D_QKEVAL
Does the Integration

COMET_CORD_CAL
Calls the Function

VECT_INTERPOL
Find Number Den

Figure B.1
Flow Chart for the IDL routine
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QPINT1D_QELG
Determine limits of
Approximation

COMET_CORD_CAL
Calls the Function

VECT_INTERPOL
Find Number Den

QPINT1D_QPSRT
Order Error Estimates

VECT_INTERPOL
Find Number Den

QPINT1D_QKEVAL
Does the Integration
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Figure C.1
Vectorial model trials for CN for PA-330◦ , 22 October, 2003
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Figure C.2
Vectorial model trials for CN for PA-330◦ , 23 October, 2003
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Figure C.3
Vectorial model trials for CN for PA-330◦ , 24 October, 2003
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APPENDIX D
ACCURACY DETERMINATION OF IM FOR OH
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Figure D.1
Implemented model trials for OH for PA-30◦ , 22 October, 2003
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Figure D.2
Implemented model trials for OH for PA-270◦ , 22 October, 2003
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Figure D.3
Implemented model trials for OH for PA-300◦ , 22 October, 2003
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Figure D.4
Implemented model trials for OH for PA-15◦ , 23 October, 2003
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Figure D.5
Implemented model trials for OH for PA-270◦ , 23 October, 2003
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Figure D.6
Implemented model trials for OH for PA-300◦ , 23 October, 2003
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Figure D.7
Implemented model trials for OH for PA-315◦ , 23 October, 2003
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Figure D.8
Implemented model trials for OH for PA-345◦ , 23 October, 2003
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Figure D.9
Implemented model trials for OH for PA-45◦ , 24 October, 2003
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Figure D.10
Implemented model trials for OH for PA-270◦ , 24 October, 2003
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Figure D.11
Implemented model trials for OH for PA-315◦ , 24 October, 2003
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Figure D.12
Implemented model trials for OH for PA-330◦ , 24 October, 2003
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